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A time-dependent removal model for air pollutants from an elevated source is presented. The model 
considers the first-order (delayed) removal. The deposition of pollutants is uccounted for by applying 
the absorptive boundary on the ground surface. The transport equation representing instuntuneous 
and delayed removal is solved numericully by the,fractional step method. A Lugrangian (moving cell) 
frame is used to solve the advection step, while a Euleriun (multibox) frame is upplied to the difJusion 
and removal processes. Variable wind velocity and coefficient of diffusivity are considered. Velocity 
profile is approximuted by a step firnction, which provides compatibility with the Eulerian grid spacing. 
Variable vertical grid spacing is considered to get good resolution concrntrution profile new the 
source. 
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Introduction 
Pollutant concentration in the atmosphere is generally 
influenced by several processes such as advection, tur- 
bulent diffusion, deposition, removal, and conversion 
of gaseous pollutants to particulate materials. Pollu- 
tants may be removed from the atmosphere by natural 
cleansing processes, e.g., washout, rainout, and grav- 
itational settling. The following equation, 
&2 @UC) + &UC) + a(wc) 
at+- ~ - ax dy aZ 
d($) +f-(k.:) +;(1:$) +R 
describes the dynamics of advecting diffusing and re- 
acting pollutant. 
The steady-state, three-dimensional solution of the 
above atmospheric diffusion equation with settling and 
first-order removal is presented by Peterson and 
Seinfeld’ to predict the airborne concentration of gas- 
eous and particulate pollutants. Conversion of primary 
gaseous pollutant to secondary particulate pollutant is 
also considered.’ An approximate solution to the ad- 
vection-diffusion equation is obtained by Carmichael 
et al.2 using the LOD method. Alam and Seinfeld3 have 
given an analytical solution for first-order transfor- 
mation of sulfur dioxide to sulfate and their wet and 
dry deposition from an elevated point source. The re- 
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versible absorption of a pollutant from an area source 
in a stagnant fog layer has been discussed by Seinfeld 
et a1.4 Atmospheric transport diffusion equations are 
associated with primary and with secondary pollutant, 
which is converted chemically from the primary pol- 
lutant.s Shukla and ChauhatY’ have suggested an in- 
tegro-partial differential equation to study the effect of 
instantaneous and delayed removal on dispersion of 
pollutants. Rainout, washout, and conversion of pri- 
mary pollutant to secondary pollutant are some of the 
examples of delayed removal. 
This paper presents a mathematical model to study 
a delayed removal process for air pollutants emitted 
from a line source with variable wind profile and coef- 
ficient of diffusion. It has been shown that removal 
processes (instantaneous or delayed) decrease the pol- 
lutant concentration at any given point in space and 
time. It confirms the results obtained by Shukla and 
Chauhanh that concentration of pollutant may be greater 
in the case of delayed removal than in the case of 
instantaneous removal. Further variable wind may have 
a dominating effect over that of removal and diffusion 
mechanisms, resulting in unsymmetric isolines about 
the centerline. The dry deposition on the ground sur- 
face is taken into account. 
Mathematical model 
It is assumed that convection dominates over horizon- 
tal diffusion and vertical diffusion dominates over con- 
vection. Then the transport equation incorporating such 
types of removals may be written as 
z+(z) =;(k,&) -kocr 
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initial and boundary conditions may be written as where c(x,z,t) is the concentration of pollutants. The 
x direction is chosen as the direction of wind, and the 
z axis is taken as the vertical direction. The wind ve- 
locity u and eddy diffusivity k are assumed to be func- 
tions of Z, u(z) = P.5 and k(z) = z. The removal is 
taken to be proportional to the concentration of sec- 
ondary pollutant c,. The governing equation for c, can 
be written as 
ac, 
dt = &OC - ffcr c,- = 0 at f=O (2) 
where (Y() and CY are first-order constant rates of ab- 
sorption and removal. By using equation (2), equation 
(I) may be written as 
(3) 
where (Y~ = Luoko. This equation shows the case of 
delayed removal. Under steady-state conditions, c,. = 
((Y~/(Y)c, reducing equation (I) to 
ac a 
Tt=$ 
which describes the instantaneous removal of pollu- 
tants, v = cw,la being the rate of removal. However, 
under unsteady-state conditions the two removal pro- 
cesses are different. Assuming the domain of reference 
R: (0 < x < ~0, 0 < z < H, t > 0), H being the height 
of the inversion layer, the following initial and bound- 
ary conditions are associated with equation (I): 
C(X,Z,O) = 0 t=O (5) 
c(() h t) = Q 6(z - h, > 3 
u(h) 
t>O 
k(z): = 0 z=H 
k(z); = u.c z.=o 
(6) 
(7) 
where Q is the emission rate and u is the rate of dep- 
osition. The following nondimensional variables are 
introduced: 
x = x’Hu(W t’H 
k(H) 
z = z’H 
’ = K(H) 
c’Q 
C=LIo.H 
u = u’u(H) k(z) = k(H)k’(z) 
v’H u’k(H) 
v=k(H) 
u=- 
H 
cx;H2t &HZ 
(y1 = k(H) a=k(H) 
Omitting the dashes, the transformed equation with its 
(9) 
c(x,z,O) = 0 (x,z) E R t=O (10) 
6(z - h) 
c(O,z,t) = ~ 
u(h) 
t>O (11) 
(12) 
z=o (13) 
Solution 
The fractional step method of Yanenko’ is used to 
solve equation (9). The advection and diffusion steps 
are 
(14) 
respectively. The discretized advection equation is 
represented in the following form: 
c:yj+ “* = yuic:” , + (1 - ruj)c:yj 
i= 1,2,... j = I,21 (16) 
where r = AtlAx for ruj = f and with fixed At; the 
space interval Ax will be of the following form: 
AX = (t)Atuj j= I,21 (17) 
Since 11 is a function of z, the space interval Ax will 
be different for different values of LI. In view of equa- 
tion (17), LI is approximated in eight steps, and At is 
taken as 0.001. Gaussian distribution of variable ver- 
tical grid spacing, centered at the source point, is con- 
sidered as suggested by Runca and Sardei.’ Variable 
vertical grid spacing is divided into 20 intervals. Equa- 
tion (14) is solved with initial condition (IO) and bound- 
ary conditions (I I)-( 13). 
Equation (15) incorporates the diffusion and re- 
moval processes. Equation (15) with boundary con- 
ditions (12) and (13) is solved at the same time interval 
at which advection step (14) holds, using the Crank- 
Nicholson method. The trapezoidal rule is used to in- 
tegrate the integral term in the diffusion step. The value 
of u is taken to be zero in (13). 
Results and discussion 
Concentration isolines for c = 8,2 and 0.25 for t = 
0.08 (m = 80) are plotted in Figure I, which shows 
that the concentration decreases as we move away 
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from the source. The spread of pollutants decreases as 
the rate of delayed removal (a, = 1 and 5) increases. 
For higher concentrations the isolines are skewed 
downward, indicating the influence of removal. For 
the lower concentrations the isolines are skewed up- 
ward, which may be due to the dominating wind effect 
on removal. Figure 2(a) shows concentration isolines 
for c = 2 at different times t = 0.04 and 0.08 (m = 
40 and 80) for different values of removal, i.e., a, = 
1 and 5. It shows that as time passes, concentration 
increases at a fixed point. The lesser the removal, the 
faster the spread of isolines with respect to time. The 
same results are also obtained for the case of instan- 
taneous removal. Figure 2(6) shows the concentration 
isolines in the cases 2, < a,la, v = al/a, and v < a,/cw 
at t = 40 At; at a fixed point, concentration is greater 
in the case of delayed removal than in the case of 
instantaneous removal for all three conditions. Con- 
centration curves at a fixed horizontal distance x = 
iAx (i = 120 and 200) (see Figure 3(a)) are shown at 
t = 0.1 and 0.12 (m = 100 and 120). The peak con- 
centration is attained near the height of the source. We 
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Figure 1. Concentration isolines for C = 8, 2, and 0.25 at t = 
0.08 (m = 80) with a, = 1 and 5 
101 I 
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AX 
Figure 2(a). Concentration isolines for c = 2 at t = 0.04 and 
0.08 (m = 40 and 80) with LY, = 1 and 5 
b 
Figure 2(b). Concentration isolines at t = 0.04 (m = 40) for 
instantaneous and delayed removal 
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Figure 3(a). Concentration profiles for different times t = 0.10 
and 0.12 (m = 100, 120) atx = 120 and 200 Ax 
b 
2 
Figure 3(b). Effect of time on concentration curves at a fixed 
distance 
see that with increase in t, concentration decreases at 
peak point, though it changes its pattern as z increases. 
We also notice that the concentration profile tends to 
be almost steady for large values oft, e.g., for instan- 
taneous removal at t = 0.24 (m = 240; see Figure 3(b) 
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within the accuracy of plotting. At a fixed time I = 
0. I (m = 100) for different values of x = 0.03 and 0.05 
(i = 120 and 200) and (Ye = I and 5, concentration 
profiles are drawn in Figure 4. It shows that with in- 
crease in removal at a fixed horizontal distance, con- 
centration decreases at all points. This difference is 
maximum at peak point. Figures 3 and 4 show how 
concentration profile changes with increase in hori- 
zontal distance. Source and ground level concentra- 
tions are plotted for instantaneous and delayed re- 
moval at x = 0.02 in Figure 5. It is observed that first 
source and ground concentration increases with time 
and then it becomes almost constant. It is seen that 
concentration decreases in the presence of any type of 
removal, and concentration is greater in the case of 
delayed removal than in the case of instantaneous re- 
moval. 
m=lOO 
<=O.l 
Figure 4. Concentration curves for different values of LY, and x 
at a fixed time t = 0.10 (m = 100) 
40 80 120 160 200 
m 
Figure 5. Source and ground level concentrations versus time 
with no removal, delayed removal, and instantaneous removal 
at a fixed distance x = 80 Ax 
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